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a b s t r a c t

In present work, microstructure, martensitic transformation and mechanical properties of
Ti44Ni47�xNb9Bx (x ¼ 0, 0.5, 1, 5 at.%) alloys were investigated as a function of B content. The results show
that the addition of B significantly influences the microstructure of the alloys. The microstructure of
Ti44Ni47Nb9 alloy consists of B2 parent phase matrix and b-Nb phase. When the B content is 0.5 at.%,
Nb3B2 phase presents. With further increasing B content to above 1 at.%, TiB and NbB phases present
instead of Nb3B2 phase. With increasing B content, the transformation temperatures increase due to the
reduced Ni/Ti ratio and Nb content in the matrix. The mechanical properties can be optimized by the
addition of 1 at.% B.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

TiNiNb shape memory alloys (SMAs) have attracted much
attention because of their superior properties, such as wide
transformation hysteresis, excellent mechanical properties and
shape memory properties [1e4]. Such advantages may provide the
convenience in engineering application as fastening and sealing
parts, since these components can be stored and transported at
room temperature. However, the low yield strength of TiNiNb SMAs
limits the practical applications for high pressure pipe lines [5].

Until now, several methods have been proposed to increase the
yield strength of TiNiNb SMAs, including grain refinement [6,7] and
addition of fourth element [8,9]. Very recently, equal channel
angular pressing (ECAP) was employed to prepare the ultrafine
grained TiNiNb SMAs in order to enhance the strength of TiNiNb
alloys [6]. However, this method cannot produce the large-scale
sample and furthermore, the productive efficiency is quite low,
implying that it is not suitable for practical applications. The
rlight Material and Surface
g University, Harbin 150001,
4.
addition of fourth element is another effective method to
strengthen TiNiNb SMAs and is expected to eliminate the limitation
of ECAP. It has been reported that the addition of 1 at.% Co in
Ti44.5Ni46.5Nb9 alloy can increase the yield strength due to the solid-
solution strengthening of Co [8]. The proper addition ofMo element
also leads to the strengthening of TiNiNb SMAs [9]. Boron is a well-
known alloying element for its ability to improve the mechanical
properties of alloys. This is confirmed by the results previously
reported in a Ti50Pd30Ni20 alloy, in which the addition of 0.2 at.% B
leads to the increase of tensile strength from 460 MPa to 780 MPa
[10]. However, until now, no reports about the effect of B addition
on TiNiNb SMAs is available.

In the present work, the influence of B addition on the micro-
structure, phase transformation behaviour and mechanical prop-
erty of TiNiNb alloys was investigated. On the basis of
microstructure observation, the influence of B content on the
transformation temperatures and mechanical property were
discussed.
2. Experimental procedure

A series of Ti44Ni47�xNb9Bx(x ¼ 0,0.5,1,3,5 at.%) ingots were
prepared by arc-melting of 99.99% Ti plate, 99.99 Ni plate, 99.99%
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Nb wire and 99.99% B powder in a water-cooled copper crucible
under an argon atmosphere. The ingots were re-melted at least six
times, being flipped over after each melting step in order to ensure
homogeneity in composition. A pure Ti buttonwas also melted and
used as a getter. After melting, the ingots were hot rolled into plates
with a thickness of 1.2 mm. After hot-rolling, the plates were
solution-treated at 900 �C for 20 min. The samples were spark-cut
from the ingots and polished for the subsequent measurement. The
transformation temperatures were determined by differential
scanning calorimetry (DSC) using a Perkin Elmer diamond DSC. The
heating and cooling rate was 20 �C/min. Microstructure was
observed on a JEOL JXA-8230 electron probe micro-analyser
(EPMA) operated at 15 kV. Before measurement, the instrument
was carefully calibrated. The X-ray diffraction (XRD) was carried out
on a PANalytical Xpert'pro diffractometer using Cu Ka radiation by
step-scanning in the 2q range of 20e90�. The mechanical proper-
ties were tested by an Instron 3365 tensile machine equipped with
a thermal chamber. The gauge length was fixed at 17 mm. The
shape recovery strain was measured by the bending test.

3. Results and discussion

Fig. 1(a) shows the XRD patterns of the Ti44Ni47�xNb9Bx alloys
with different B contents at room temperature. The pattern of
Ti44Ni47Nb9 alloy can be indexed as a mixture of B2 parent phase
and b-Nb phase using the following lattice parameters: B2,
a ¼ 0.3018 nm and b-Nb, a ¼ 0.3296 nm [2,4]. When the B content
was increased to 0.5%, several weak peaks appears besides the
peaks corresponding to B2 parent phase and b-Nb phase, as indi-
cated by the arrows. These weak peaks can be indexed as a
tetragonal Nb3B2 phase using the following lattice parameters:
Fig. 1. XRD patterns of the samples with different B contents showing the phase constit
a ¼ 0.6178 nm, c ¼ 0.328 nm [11]. This suggests that the addition of
B first react with Nb. When the B content was increased to above
1%, the peaks corresponding to a mixture of TiB and NbB phases
present. Both the two phases have the orthorhombic structurewith
the lattice parameters: TiB, a ¼ 0.612 nm, b ¼ 0.306 nm,
c ¼ 0.456 nm [12] and NbB, a ¼ 0.32973 nm, b ¼ 0.87229 nm,
c ¼ 0.31663 nm [13]. In addition, (Ti,Nb)2Ni phase was also iden-
tified, indicating that the addition of B may promote the formation
of (Ti,Nb)2Ni phase.

Fig. 2 shows the back-scattered electron (BSE) images of the
samples with different B contents. The Ti44Ni47Nb9 sample has a
typical hypoeutectic microstructure consisting of B2 matrix,
dispersed b-Nb phase particles indicated by the arrows. This is
consistent with the XRD results. The b-Nb phase has a composition
of 81 at.%Nb, 10 at.%Ti and 9 at.%Ni [6]. When the B content was
increased to 0.5%, the observed microstructure is quite similar to
that of Ti44Ni47Nb9 sample, as shown in Fig. 2(b). The Nb3B2 phase
shown in Fig. 1 is not visible. The contrast of BSE image is sensitive
to the average atomic number of consisted phase which can be
calculated using the following equation Z ¼ P

CiZi, in which Z is
the average atomic number of consisted phase, Ci is the atomic
concentration of consisted element and Zi is atomic number of
consisted element. The composition of matrix is shown in Table 1.
The calculation results show that the Z values of Nb3B2 phase, b-Nb
phase and matrix are 38.41, 39.13 and 26.5, respectively. It is seen
that the Z value of Nb3B2 phase is very close to that of b-Nb phase,
resulting in the difficulty in distinguishing the two phase from BSE
image. If the B contentwas increased to above 1 at.%, some dark and
grey particles with irregular shape are also observed besides the
matrix and b-Nb phase, as indicated by the single arrow and double
arrows in Fig. 2(c) and (d), respectively. The analysis by EPMA
uent, (a) Ti44Ni47Nb9, (b) Ti44Ni46.5Nb9B0.5, (c) Ti44Ni46Nb9B1 and (d) Ti44Ni42Nb9B5.



Fig. 2. BSE images of the samples with different B contents, (a) Ti44Ni47Nb9, (b) Ti44Ni46.5Nb9B0.5, (c) Ti44Ni46Nb9B1 and (d) Ti44Ni42Nb9B5.

Table 1
Chemical composition of matrix.

Ti44Ni47�xNb9Bx Ti/at.% Ni/at.% Nb/at.% B/at.% Ni/Ti

x ¼ 0 46.58 48.98 4.39 0 1.05
x ¼ 0.5 46.88 48.85 4.28 * 1.04
x ¼ 1 47.58 48.49 3.99 * 1.02
x ¼ 5 48.44 47.99 3.14 0.43 0.99

*Means that the B content is below the detection limit of the instrument.

Y. Wang et al. / Intermetallics 64 (2015) 32e3634
shows the dark phase has a composition of 60.85 at.% Ti, 33.41 at.%
Ni and 5.74 at.% Nb. Therefore, this dark phase is supposed to be
(Ti,Nb)2Ni phasewith a slight solution of Nb ontoTi lattice sites. The
grey phase with a stick shape has a composition of 23.05 at.% Ti,
1.68 at.% Ni, 26.60 at.% Nb and 48.67 at.% B. Combined with the
results shown in Fig. 1, the grey phase is suggested to be a mixture
of TiB and NbB. These two phases fractured during hot rolling, as
indicated by the blank arrows. The matrix composition of different
samples is listed in Table 1.

Fig. 3(a) shows the DSC curves of the samples with different B
contents. Both forward and reverse transformation curves of all
alloys are characterized by single-stage transformation, no R-phase
transformation can be identified. It is obvious that Ti44Ni47�xNb9Bx

alloys are in parent phase, being consistent with the results shown
in Fig. 1. The influence of B content on transformation temperatures
is shown in Fig. 3(b), in which Ms is forward transformation start
temperature,Mf is forward transformation finish temperature,Mp is
forward transformation peak temperature, As is reverse
transformation start temperature, Af is reverse transformation fin-
ish temperature and Ap is reverse transformation peak tempera-
ture. With increasing B content, the transformation temperatures
almost linearly increase. This is different from the previous results
about the effects of Co and Mo on transformation behaviour of
TiNiNb SMAs, in which the additions of Co and Mo reduces the
transformation temperatures [8,9]. The addition of B on trans-
formation temperatures can be ascribed to the formation of boride.
According to the results shown in Figs.1 and 2, three kinds of boride
present after the addition of B, namely Nb3B2, TiB and NbB. This
results in the decrease of Ni/Ti ratio andNb content in thematrix, as
shown in Table 1. It is generally accepted that with decreasing Ni/Ti
ratio or Nb content, the transformation temperatures of TiNiNb
SMAs increases [14]. This suggests that the compositional change of
matrix resulting from the formation of boride phases is responsible
for the dependence of transformation temperatures on B content.
The transformation hysteresis is defined as the difference between
Af and Ms (Af�Ms). It is seen that the transformation hysteresis
slightly increases with increasing B content to 0.5%, then decreases
with further increasing B content.

Fig. 4(a) shows the stressestrain curves of the samples with
different B contents. In order to obtain the same thermodynamic
conditions, the tensile tests were carried out at a temperature of
Afþ 20 �C. The stressestrain curve of Ti44Ni47Nb9 alloy can be
roughly divided into three stages, same as the reported results
[6,15]. In the first stage, the sample exhibits a linear elastic
behaviour. In the second stage, the stress slightly increased with
increasing strain. This is due to the stress-induced martensitic



Fig. 3. DSC curves of the samples with different B contents (a) and effect of B content
on transformation temperatures and transformation hysteresis (b). Fig. 4. Tensile stressestrain curves of Ti44Ni47�xNb9Bx alloys at Afþ20 �C (a) and effect

of deformation strain on shape recovery ratio of Ti44Ni47�xNb9Bx alloys (b).
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transformation and plastic deformation of b-Nb phase [15]. In the
third stage, the preferred formation of martensite variants and the
continuous stress-induced martensitic transformation occur [15].
When the B was added into the alloys, the stressestrain curves are
characterized by a two-stage deformation behaviour. The second
stage observed in Ti44Ni47Nb9 alloy disappears. Another important
feature is that the proper addition of B increases the yielding
strength of Ti44Ni47�xNb9Bx alloys. When the B content is less that
1%, the yielding strength increases with increasing B content.
Further increase in the B content results in the decrease of yielding
strength. Considering the fact that higher yielding strength, higher
recovery stress [8], it is suggested that the proper addition of B is
beneficial for the applications of TiNiNbB alloy in the connecting of
high-pressure pipeline.

The dependence of mechanical properties on B content can be
ascribed to the following reasons. When the B content is 1 at.%, the
TiB and NbB particles present. Such particles may act as the ob-
stacles to dislocation movement, thus strengthening the matrix. On
the other hand, with increasing B content, the Nb content of the
matrix decreases due to formation of Nb3B2 or NbB phase, as shown
in Table 1. This leads to the reduction of solid-solution strength-
ening of Nb, which is supported by the previous reported results in
which the yielding strength of TiNiNb alloy samples increases with
increasing Nb content [5]. Therefore, the above combined effect is
responsible for the effect of B content on yielding strength of
Ti44Ni47�xNb9Bx alloys.

In order to evaluate the effect of B content on shape recovery
properties of the Ti44Ni47�xNb9Bx alloys, the samples were
deformed to a critical strain range of 12%e20% at Msþ30 �C, which
is the optimum condition to obtain an increased transformation
hysteresis and a high shape recovery ratio [3]. Fig. 4(b) shows the
effect of deformation strain on shape recovery ratio of the alloys
with different B contents. When the B content is larger than 3%, the
samples fractured during bending tests before they were deformed
to 18%. This is due to the relatively low elongations, being consis-
tent with the results shown in Fig. 4(a). It is seen that when the
deformation strain is less than 15%, the shape recovery ratio of
Ti44Ni46.5Nb9B0.5 alloy is same as that of Ti44Ni47Nb9 alloy. With
further increasing deformation strain, the former is lower than the
latter. This is possibly due to the formation of second phase parti-
cles which reduces the matrix volume fraction taking part into
phase transformation. This agrees well with the previously re-
ported results [16] in which under high constraint stress, the vol-
ume fraction of second phase becomes a dominating factor in
determining the shape recovery strain of Ti50Ni25Cu25 ribbon. The
shape recovery ratio of Ti44Ni46Nb9B1 alloy is close to that of
Ti44Ni47Nb9 alloy. This can be contributed to the net effect from the
enhanced yield strength and the reduction of matrix volume
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fraction taking part into phase transformation. The former may
improve the shape recovery ratio, however, the latter deteriorates
the shape recovery ratio. The results in Fig. 4 suggests that the
optimizedmechanical properties can be obtained by the addition of
1 at.% B.

4. Conclusions

(1) The microstructure of Ti44Ni47Nb9 alloy consists of B2 parent
phase matrix and b-Nb phase. When the B content is 0.5 at.%,
Nb3B2 phase presents. When the B content is increased to
above 1 at.%, TiB and NbB phases present instead of Nb3B2
phase.

(2) The martensitic transformation of Ti44Ni47�xNb9Bx alloys is
characterized by single-stage transformation. With
increasing B content, the transformation temperatures
elevate due to the reduced Ni/Ti ratio and Nb content in the
matrix.

(3) The proper addition of B is beneficial to optimize the me-
chanical properties of Ti44Ni47�xNb9Bx alloys.
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